Objectives: We set out to examine associations between ambient air pollution concentrations and emergency department (ED) visits for migraine/headache in a multi-city study. Materials and Methods: We designed a time-series study of 64 839 ED visits for migraine (ICD-9: 346) and of 68 495 ED visits for headache (ICD-9: 784) recorded at hospitals in five different cities in Canada. The data (days) were clustered according to the hierarchical structure (location, year, month, day of week). The generalised linear mixed models technique was applied to fit the logarithm of clustered daily counts of ED visits for migraine, and separately for headache, on the levels of air pollutants, after adjusting for meteorological conditions. The analysis was performed by sex (all, male, female) and for three different seasonal periods: whole (January-December), warm (April-September), and cold (October-March). Results: For female ED visits for migraine, positive associations were observed during the warm season for sulphur dioxide (SO 2 ), and in the cold season for particulate matter (PM 2.5 ) exposures lagged by 2-days. The percentage increase in daily visits was 4.0% (95% CI: 0.8-7.3) for SO 2 mean level change of 4.6 ppb, and 4.6% (95% CI: 1.2,-8.1) for PM 2.5 mean level change of 8.3 μg/m 3 . For male ED visits for headache, the largest association was obtained during the warm season for nitrogen dioxide (NO 2 ), which was 13.5% (95% CI: 6.7-20.7) for same day exposure. Conclusions: Our findings support the associations between air pollutants and the number of ED visits for headache.
INTRODUCTION
Migraine headache is an important cause of morbidity in modern society. There are many self-reported triggers including weather, [1] fatigue, stress, food, menstruation, and infections [2] . Air quality in the home [3] , office environment [4, 5] , and the occupational setting [6] may also exacerbate headaches. A daily diary study of 32 headache sufferers in Italy revealed that the severity and frequency of headaches was related to days with higher concentrations of carbon-monoxide and nitrogen dioxide [7] . Headaches were more commonly reported from a neighbourhood with a pulp mill, with higher sulphur dioxide (SO 2 ) emissions, compared to one without [8] . Moreover, large scale ED studies have demonstrated an association between air pollution and ED visits for migraine and all headaches in Edmonton [9] , Vancouver [10] , and Ottawa [11, 12] . The associations were most consistent for particulate matter; however, these results require confirmation and also further explorations using larger databases.
Diseases 9th revision (ICD-9), rubric 346 [13] . In total, the analysis is based on 64 839 ED visits for migraine over 11 518 days for five cities. The diagnosed ED visits for headache were retrieved by the ICD-9 code, rubric 784 and represented 68 495 ED visits (also over 11 518 days) for five cities (Table 1) .
Meteorological data
Environment Canada supplied hourly data for relative humidity, temperature (dry bulb) and atmospheric pressure (sea level). We used the daily mean (average of 24 hourly measurements) of these weather parameters. Because recent findings have implicated weather fluctuations as a major factor in migraine triggers we included these variables in our models as a confounder [14] . We incorporated temperature and relative humidity in form of natural splines with three degrees of freedom.
Air pollution data
Hourly air pollution data were obtained from fixed monitoring stations in the considered cities. These data were supplied by Environment Canada. For each air pollution variable we have 24 measurements recorded at hourly intervals. These include data on gaseous pollutants: SO 2 , carbon monoxide (CO), nitrogen oxide (NO 2 ), ozone (O 3 ), and particulate matter data: respirable particles PM 2.5 and inhalable PM 10 , particulate matter of median aerodynamic diameter less than 2.5 and 10 microns, respectively. The daily shared exposures of the population were expressed as mean values among stations in city (Table 2) .
Statistical methods
To relate short-term effects of air-pollution to the number of daily ED visits for migraine we applied the generalised linear mixed models (GLMM) methodology [15, 16] . We defined the clusters based on a 4-level nested structure {location, year, month, day of week}. For example, one constructed cluster groups all Mondays in April 1992 for Edmonton's data. We used Poisson models on the 4-level hierarchical clusters with a random intercept and fixed slope. We built models with one single pollutant, temperature and relative humidity. The values used in the models The purpose of this study was to assess the relationship between urban air pollution and ED visits for migraine and headache in five cities in Canada. The study is based on daily ED migraine and headache visits data. The study takes into account ambient air pollution exposures. We constructed models for single ambient air pollutant and adjusted for temperature and relative humidity.
MATERIALS AND METHODS
This study was initiated and conducted at Health Canada and it is the result of collaborative work with partners from other research centers. The used data were provided by 10 hospitals with emergency departments.
Study population
The study population consisted of the population serviced by the hospitals in five cities in Canada: Edmonton, Halifax, Ottawa, Toronto, and Vancouver. The data for Halifax, Ottawa and Vancouver were from a single hospital ED. ED data for Edmonton were obtained from five area hospitals organised under the Capital Health regional health authority. ED data from Toronto were obtained from two hospitals (i.e. Toronto St. Michael and Sunnybrook Hospital), which were analysed separately because the Toronto St. Michael Hospital is located in downtown, whereas Sunnybrook is situated in the suburbs of Toronto. ED visits were identified based on a discharge diagnosis of migraine using the International Classification for 
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we obtained IQR = 2.3 ppb. We defined 67 age groups each of length 20 years. The groups were defined as follows: the first group was (0, 19), second (1, 20) , and each next group is constructed by shift up its preceding group by one year. The last group was (66, 85). For such defined sequence of age groups we calculated the corresponding ORs and 95% CIs. Table 1 contains the number of ED visits for migraine and headache by city. The number of days in study and first date of study are also shown. During the warm season (5718 days), 33 333 ED visits for migraine were made; 25 797 cases for females and 7475 for males. In the cold season (5800 days), 31 506 visits for migraine were made; 24 486 cases for females and 6933 for males. Overall, 33 338 ED visits were made for headache in the warm season; 18 650 cases were female and 14 448 were males. In the cold season 35 157 ED visits were made; visits with 19 135 cases were female and 15 632 were males. For some cases value for sex was unknown (missing), as a consequence summary by sex are different than total. Table 2 presents the mean values of the pollutant concentrations and the percentage of days with data. These average values were used to calculate the excess risks for the corresponding pollutants. The patterns of air-borne pollutants show variability. For example, Halifax had the lowest CO measurement, yet the highest O 3 measurement. Edmonton, on the other hand, had low CO measurements yet high NO 2 and the highest PM 10 measurements. Some were lagged by 0, 1 and 2 days. For each lagged values a separate model was constructed. Our analysis represents the percentage value of changes in relative risk (%RR) with 95% confidence intervals (CI) associated with an increase in average of pollutant concentrations of the exposure to the study pollutants (SO 2 , NO 2 , CO, O 3 , PM 10 , and PM 2.5 ) after adjusting for temperature and relative humidity. Estimates whose 95% CI do not cross 0 are considered significant. Additionally, we stratified our analysis by sex (all, male, female) and by season, defined as warm (April to September) and cold (October to March) seasons. In addition, as a sensitivity analysis we applied case-crossover methodology [17] for ED visits for migraine (female, warm season, exposure to sulfur dioxide) and for headache (male, warm season, exposure to nitrogen dioxide). We only used data from Edmonton. We applied casecrossover analyses to compare measures of weather and ambient air pollution on the day of presentation and control days for each patient. In case-crossover study, cases serve as their own controls and therefore the design eliminates confounding by stable individual characteristics. We selected control periods according to the time-stratified approach [18] . In this approach exposure for cases is compared to exposure for controls on the three or four other occurrences of that day of the week in a common calendar month. We used conditional logistic regression models to calculate adjusted odds ratios (OR) and 95% confidence intervals (CI) associated with an increment of one interquartile range (IQR) in 24-hour mean levels of exposure; for NO 2 we estimated IQR = 12.8 ppb, for SO 2 Table 2 . The statistically other cities (Toronto, Ottawa) recorded high CO measures, while other pollutants were variable. Based on all measurements, Vancouver tended to have the highest air quality, while Toronto had the lowest. Figure 1 shows the results for all considered pollutants lagged by none (same day), 1 and 2 days. The results are shown by sex and for three time periods: whole, warm and Table 3 and 4, respectively. For example, in the warm season high concentration of SO 2 was associated with increased presentation for migraine headaches in all individuals (%RR = 3.1; 95% CI: 0.3-6.1) and when stratified by women (%RR = 4.0; 95% CI: 0.8-7.3). ED visits for headaches were significantly increased on days with higher concentrations of NO 2 , particularly during the warm season (%RR = 6.9; 95% CI: 2.8-11.4). In warmer months, men presented to ED for headaches on days of high concentrations of NO 2 (%RR=13.5%; 95% CI: 6.7-20.7). Figure 2 summarises the results from the case-crossover approach applied to the 67 age groups. The figure should be recognised as a suggestive representation of the relations between pollutants and health outcomes (here, SO 2 and migraine, and NO 2 and headache) considered by age groups. We can not order the relations among age groups based on the obtained 95% CIs, but we have some suggestive image of the associations between pollutants and ED visits [19] . For migraine the associations are growing with age of patients, and positive significant relations are expected for the age range (30, 70) years. For males, for ED visits for headache, positive significant results are expected for the age range (0, 45) years. 
RESULTS

DISCUSSION AND CONCLUSION
This is amongst the largest study to link air quality conditions to ED presentation for headaches and migraines. This study demonstrated an increase in daily visits for migraine headache associated with specific SO 2 and PM 2.5 level changes. For ED visits for headache, the largest statistical significant association was obtained in the warm period for same day NO 2 exposure and CO in men. These findings add further evidence to the hypothesis that air pollution exposure triggers migraines and headaches. We had previously detected significant effects of sulphur dioxide (SO 2 ) and particulate matter (PM 2.5 ) on ED visits for migraine headaches [8] . The results for PM 2.5 in the present study were based only on 50% of days in study with data. We detected significant effects of carbon monoxide, nitrogen dioxide, and particulates on ED visits for headache. This result agrees with those reported in the literature [7] . In addition, we verified the results by performing the analysis separately for some cities. We used the nested 3-level hierarchical structure (year, month, day of week) to cluster the data records. We applied meta-analysis methodology to pool the results [20] . The obtained values (data not shown here) were similar to the pooled results generated on the 4-level clusters. We can only speculate at the mechanisms by which air pollution exacerbates headaches and migraines. Neurogenic inflammation, which can be triggered by air pollutants, may result in headaches or migraines [21] . Alternatively, air pollutants may impair endothelial-dependent vasodilation [22] leading to the development of migraines or headaches. Future studies will be needed to understand the pathogenesis of air pollution mediated headaches and migraines. There are several limitations of this study. First, fixedsite monitoring sites provide daily pollution exposures of ambient air pollution and are applied to represent average population exposure. The included sites are all large geographic areas and thus fixed site monitors will not fully reflect variation in exposure between individuals. Second, individual data on potentially important effect modifiers such as medication use, socio-economic status, race and co-morbidity were not available from this database. Third, we have conducted numerous hypothesis tests, increasing the risk of false positive results; however, we have attempted to highlight those exhibiting greatest consistency with other research. Fourth, pollutants exhibit associations with one another to the extent that they originate from common sources, making it difficult to singularly attribute observed associations to individual pollutants. Fifth, many episodes of migraine and/or general headache do not result in an ED visit, thus our findings are not generalisable to all such episodes. Notwithstanding the above concerns there are also much strength to the research including control of temporal trends, which may have confounded the results such as season, day of the week, measures of relative humidity, and temperature. Moreover, these findings were corroborated in the first multicity study to evaluate the association between acute air pollution exposure and the occurrence of headaches or migraines. Future studies should evaluate the mechanisms through which air pollutants trigger migraine and headaches.
